The levels of 6 kinds of isoflavonoids found in 11 domestic and imported soybeans, and 12 kinds of soybean-based processed foods in Japan were systematically analyzed, and the Japanese daily intake of isoflavonoids from those foods was estimated. The total isoflavonoids (daidzein, glycitein, and genistein) were analyzed with acid hydrolysis and the intact isoflavonoids (daidzein, glycitein, genistein, daidzin, glycitin, and genistin) were analyzed without hydrolysis. This was followed by cleanup with an ODS cartridge column and determined by liquid chromatography with a diode array detector. The highest content of isoflavonoids was found in kinako (a roasted soybean powder) and the lowest was found in soy sauce. The contents and composition of the isoflavonoids in the 11 soybeans varied by species and country of origin. The level of isoflavonoids found in the processed foods varied by manufacturing method or ingredients. The percentage of aglycone tended to be higher in miso (fermented soybean paste) and soy sauce, which are heated and fermented during the manufacturing process. Japanese daily intake of isoflavonoids from soybeans and soybean-based processed foods was estimated as 27.80 mg per day (daidzein 12.02 mg, glycitein 2.30 mg, and genistein 13.48 mg).
I
soflavonoids are a category of phytoestrogens which have sterile or estrogenic activities (1) , and are mainly found in legumes such as soybeans (1) (2) (3) . Japanese typically ingest phytoestrogens mainly from soybean and its derived processed foods (2) .
The metabolic fate of isoflavonoids differs by species, and sensitivity to phytoestrogens is dependent on the concentration of free phytoestrogens (4) . Isoflavonoids have a protective effect against cancer, cardiovascular diseases, and osteoporosis (5) (6) (7) (8) (9) (10) . People in Eastern Asia have consumed soybean and its derived processed foods since ancient times. The adverse effects of isoflavonoids to humans are obscure in spite of the potential risk to children who are exposed to isoflavonoids in high concentration at an early stage of development.
(a) Solvents and reagents.-Acetonitrile (LC grade), ethanol (LC grade), methanol (LC grade), n-hexane, hydrochloric acid (36%), phosphoric acid, 2,6-di-t-butyl-4-methylphenol (BHT), and dimethyl sulfoxide (DMSO).
(b) Standard (isoflavonoids and internal standard).-Genistein (MW270.24) from Extrasynthèse (Genay, France). Daidzein (MW254.24), daidzin (MW416.38), genistin (MW432.38), glycitein (MW284.27), glycitin (MW446.41) from Fujicco Co., Ltd. (Kobe, Japan). Flavone (MW222. 24) as internal standard from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The chemical structures of these isoflavonoids and flavone are shown in Figure 1 .
(c) Standard stock solution.-Dissolve the preweighed amount of each isoflavonoid standard with a small amount of DMSO, then dilute with methanol to 10 mL (547-1319 µg/ mL).
(d) Standard working solution (isoflavonoid mixture).-Mix isoflavonoid stock solutions of daidzin, glycitin, and genistin (A) or daidzein, glycitein, and genistein (B) and dilute with methanol 5-50 times. The concentrations of the standard working solutions are 38.48-159.5 µg/mL (1A and 1B) and 54.7-263.8 µg/mL (2A and 2B), respectively. 
Test Materials
Domestic and imported soybeans (cropped at 1997) were obtained in Hyogo Prefecture and Osaka Prefecture in Japan from August 1998 to January 1999. All of the processed foods derived from soybeans and analyzed here are commonly used in Japan, and were purchased from retail stores in Osaka Pref. Details were as follows: Boiled soybeans, roasted soybeans, kinako (powdered roasted soybeans), tofu (traditional food used in Eastern Asia, including Japan), koridofu (freeze-dried tofu), okara (soybean residue as a byproduct of tofu), tofu-derived processed foods (cooked and fried tofu), natto (fermented soybeans, a Japanese traditional food), miso (bean paste, traditional food used in Eastern Asia, including Japan), soy sauce, soy milk, and yuba (processed food derived from soy milk, a Japanese traditional food).
Domestic and imported soybeans, roasted soybeans, koridofu, and dried yuba were ground into powders. Tofuderived foods were defatted with 20 volumes of n-hexane for 24 h, dried at ambient temperature, and homogenized. Boiled soybeans, tofu, natto, kinzanji-miso, and raw yuba were homogenized. Kinako, okara, miso (except kinzanji-miso), soy sauce, and soy milk were mixed homogeneously before use.
Extraction
Intact isoflavonoids were analyzed without hydrolysis, and total isoflavonoids were analyzed as aglycone with acid hydrolysis by the method of Franke et al. (15) , with some modification. Flavone was used as an internal standard (15) . Analyses were performed in triplicate throughout the experiment.
(a) Intact isoflavonoids.-One gram each of ground, homogenized, or mixed soybeans and the processed foods (except soy milk and soy sauce), or 5 mL soy milk was placed in a centrifuge. One milliliter IS solution (flavone 210 µg) and 50 mL 80% methanol were added to the centrifuge tubes, and sonicated for 30 min. Isoflavonoids were extracted for 24 h at an ambient temperature, the tube was centrifuged at 1000 × g for 20 min at 5°C, and the volume was adjusted to 50 mL with methanol (sample solution A1).
One milliliter soy sauce was diluted to 10 mL with water and 0.1 mL IS solution (flavone 210 µg) was added (sample solution A2).
(b) Total isoflavonoids.-One gram each of ground, homogenized, or mixed soybeans or their processed foods (except soy milk and soy sauce), or 5 mL soy milk was placed in a centrifuge. One milliliter IS solution (flavone 210 µg), 10 mL 10N HCl solution, and 40 mL 0.05% BHT solution were added to the centrifuge tubes, and sonicated for 30 min. Hy- drolysis was performed in a boiling water bath by reflux for 3 h (15). The tube was cooled and centrifuged at 1000 × g for 20 min at 5°C, and the volume was adjusted to 50 mL with ethanol (sample solution B1).
Five mL soy sauce was placed into a centrifuge tube. One milliliter IS solution (flavone 210 µg), 10 mL 10N HCl solution, and 40 mL 0.05% BHT solution were added to the centrifuge tube and sonicated for 30 min. Hydrolysis was performed in a boiling water bath by reflux for 3 h. The tube was cooled and centrifuged at 1000 × g for 20 min at 5°C, and the volume was adjusted to 50 mL with ethanol. Ten mL of this extractant was evaporated to dryness, and dissolved with 10 mL water (sample solution B2).
Cleanup
Cleanup of sample solutions A1, A2, B1, and B2 was performed using Sep-pak plus C 18 cartridges (12) before LC.
One milliliter of each sample solution A1 and B1 was diluted with 10 milliliter water and applied to a Sep-pak C 18 plus cartridge column preconditioned with methanol and water. The remaining volume of sample solutions A2 and B2 was applied to a Sep-pak plus C 18 cartridge column preconditioned with methanol and water. The column was washed w i t h 20 mL water followed by 2 mL 20% methanol; isoflavonoids and flavone were eluted with exactly 2 mL methanol (test solution). a Data are represented as means ± SD (n = 3). Nine isoflavonoids and flavone (2.100 µg, internal standard) were added onto a Sep-Pak plus C 18 cartridge column preconditioned by 10 mL methanol followed by 10 mL distilled water. The column was washed with 10 mL water followed by 2 mL 20% methanol, and the flavonoid was eluted by 2 mL methanol. Eluate was evaporated and redissolved with 2 mL methanol. Nine isoflavonoids were determined using flavone as internal standard by LC. LC conditions are described in the text. 1 Rice-koji miso #1 
LC Analysis
Isoflavonoids in the test solution were analyzed by LC using flavone as the internal standard (15) .
The LC conditions for isoflavonoid analysis were as follows: column, STR ODS-II; mobile phases, (A) waterphosphoric acid, 1000 + 1 (v/v), (B) acetonitrile-waterphosphoric acid, 800 + 200 + 1 (v/v/v); a gradient program, (B) 10% (0 min) → 80% (50 min), linear gradient; column oven temperature, 35°C; detector, DAD; injection volume, 10 µL.
The
Recovery Test
A recovery test was performed for soybeans, tofu, miso, soy milk, and soy sauce with or without hydrolysis in triplicate. One milliliter standard working solution (1A or 1B) and 1 mL IS solution were added to 1 g ground soybean powder, homogenized tofu, and miso, or 5 mL soy milk. For soy sauce analysis, 1 milliliter standard working solution (2A or 2B) and 0.1 mL IS solution were added to 1 mL soy sauce and analyzed by the above-mentioned method. The standard working solutions 1A (daidzin, glycitin, and genistin) and 1B (daidzein, glycitein, and genistein) or 2A (daidzin, glycitin, and genistin) and 2B (daidzein, glycitein, and genistein) were added separately.
Calculation of Japanese Daily Intake of Isoflavonoids
The total Japanese daily intake of soybean and its processed foods was 70.4 g in 1996; 13.9 g came from miso (rice-koji miso, barley-koji miso, soybean-koji miso, kinzanji-miso, mixed miso, etc.), 40.0 g from tofu (kinukoshi-tofu, momen-tofu, yaki-tofu, and packed tofu), 7.8 g from tofuderived processed foods (atsu-age, usu-age, and ganmodoki), and 8.8 g from soybeans and other soybean-derived processed foods (kori-dofu, yuba, okara, soy milk, kinako, boiled soybean, natto, etc.; soy sauce was not included) (25) . The Japanese daily intake of isoflavonoids from soybeans and soybean-derived foods was calculated using the results of this study. 
Results and Discussion

LC Analysis of Standard Solution
The liquid chromatogram of the standard solution is shown in Figure 2 . All of the 6 isoflavonoids and flavone were determined individually.
Variations of 6 isoflavonoids and flavone in retention times and peak areas in LC (n = 10) are shown in Table 1 . The coefficients of variation (CVs) of retention time and peak area were 0.22-0.43% and 0.90-3.28%, respectively.
Linear dynamic ranges of the standard solution for LC determination were 0.0090-181.0 µg/mL for daidzin (R 2 0.999), 0.0132-131.9 µg/mL for glycitin (R 2 0.999), 0.0227-226.4 µg/ mL for genistin (R 2 1.000), 0.0020-202.8 µg/mL for daidzein (R 2 0.999), 0.0011-54.69 µg/mL for glycitein (R 2 0.999), and 0.0022-220.0 µg/mL for genistein (R 2 1.000) (data not shown). Thus, determination of isoflavonoids of variable amounts in the sample solutions was possible in this study.
The detection limits for a sample base are shown in Table  2 . The detection limit (S/N = 3) was 0.547-3.299 µg/g fresh weight for solid foods (soybeans, boiled soybeans, roasted soybeans, kinako, tofu, freeze-dried tofu, okara, tofu-derived processed foods, natto, miso, and yuba); 0.109-0.660 µg/mL for soy milk; and 0.011-0.066 µg/mL for soy sauce. It was sensitive enough for quantitaion of these samples.
Recovery Test
Recoveries of the standard solution from the Sep-pak plus C 18 cartridge are shown in Table 3 . The recovery of 6 isoflavonoids was 99.6-106.3% and the CV was 0.10-2.04% (n = 3). These results indicate that all 6 isoflavonoids were recovered constantly and absolutely from the Sep-pak plus C 18 cartridge. Therefore, cleanup using the Sep-pak plus C 18 cartridge was applied to the analysis of soybean and its processed foods before LC to reduce impurities such as lipids and pigments.
The recovery tests were performed with or without hydrolysis for soybean #1, tofu #1, miso #1, soy milk #1, and soy sauce #1. Spiked amounts of isoflavonoids were set at 3 levels as the intrinsic content of isoflavonoids in each sample (Table 4) . Several large peaks were detected in the test solution of soy sauce, but there was no interfering peak to determine the 6 isoflavonoids in each test solution (data not shown). The recoveries of 6 isoflavonoids were 94.3-112.6% without hydrolysis, and 90.4-103.6% with hydrolysis from soybeans; 102.1-106.5% without hydrolysis and 82.2-89.4% with hydrolysis from tofu; 93.5-110.4% without hydrolysis and 81.9-100.6% with hydrolysis from miso; 86.0-103.6% without hydrolysis and 88.2-110.6% with hydrolysis from soy milk; and 81.2-108.6% without hydrolysis and 66.4-100.5% with hydrolysis from soy sauce. The CV was below 10% for the 3 trials. Good recoveries were obtained for 6 isoflavonoids, except glycitein in soy sauce with hydrolysis. The relatively low recovery of glycitein in soy sauce by acid hydrolysis method might be due to interference material derived from the sample. Murphy et al. (23) reported recoveries of daidzein, genistein, and genistin in soybean, tofu, and soymilk to be 81-99%; our results (Table 4) coincide with this data.
Levels and Composition of Isoflavonoids in Soybeans and Soy-Derived Processed Foods
Previously, isoflavonoids were extracted with or without hydrolysis and measured by LC after centrifugation or filtration (25) . In this study, we measured isoflavonoids both with and without hydrolysis and followed with cleanup using a Sep-pak plus C 18 cartridge (13). Anthocyanidins (black or dark purple pigments) contained in the rind of black soybean and its processed foods and some impurities including lipids were removed by cleanup using a Sep-pak plus C 18 cartridge. a Soybean-derived processed foods contain boiled soybeans, roasted soybeans, kinako (powdered roasted soybeans), kori-dofu (freeze-dried tofu), okara (soybean residue as a by-product of tofu), natto (fermented soybeans), soy milk, and yuba (processed food derived from soy milk).
succinyldaidzin, 6Љ-O-succinylgenistin, and 6Љ-Osuccinylglycitin have been detected in soybean and soyderived processed foods (11, 14) . We could not obtain 6Љ-Oacetyl or 6Љ-O-malonyl or 6Љ-O-succinyl compounds of daidzin, genistin, and glycitin. Therefore, we analyzed the total isoflavonoids as aglycones (daidzein, glycitein, and genistein) with hydrolysis and the intact isoflavonoids as aglycones and glucosides (daidzin, glycitin, and genistin). Acetyl-, malonyl-, or succinyl-glucosides could not be quantitated in this study. Several large peaks were detected in the test solution of soy sauce but there was no interfering peak to determine isoflavonoids in each test solution. The liquid chromatograms of soybean #2 and miso #8 with and without hydrolysis are shown in Figures 3 and 4 . Compared with the liquid chromatogram of Wang and Murphy (14) , the large peaks not determined at t R 17.7 and 20.8 min in Figure 3 -1 might be 6Љ-O-malonyldaidzin and 6Љ-O-malonylgenistin, respectively, which are abundant in soybeans, soy milk, and tofu (14, 20, 22) .
Contents of isoflavonoids in soybean and its processed foods analyzed by the described method are shown in Table  5 . Total isoflavonoids contain aglycone, glucosides, and malonyl-, succinyl-and acetyl-daidzin, glycitin, and genistin. Contents are expressed as µg/g fresh weight (soybean and its processed foods except soy milk and soy sauce) or µg/mL (soy milk and soy sauce).
The contents of total isoflavonoids indicated as aglycone were as follows: daidzein 452-1138 µg/g, glycitein 36. 4 -398 µg/g in 9 miso; daidzein 5.26-8.54 µg/ mL, glycitein 0.82-2.62 µg/mL, and genistein 1.00-3.32 µg/ mL in 8 soy sauce; daidzein 26.4-126 µg/mL, glycitein 1.51-16.3 µg/mL, and 52.4-168 µg/mL in 3 soy milk; daidzein 161-769 µg/g, glycitein 40.9-176 µg/g, and genistein 236-1158 µg/g in 2 yuba. The highest content of isoflavonoids was in kinako #1 and the lowest was in soy sauce #6 (Table 5) .
The composition of isoflavonoids (% of total, molar ratio) are also shown in Table 5 The level of isoflavonoids in 11 soybeans varied by species and country of origin (Table 5 ). The CV in 3 trials was relatively high in soybeans, probably because of the heterogeneous localization of isoflavonoids inside the soybeans (2), which are most abundant in soygerm (20) . The level of isoflavonoids in processed foods varied by the manufacturing method or ingredients (Table 5) . With hydrolysis, the most abundant isoflavonoids were daidzein and genistein. The composition of isoflavonoids in soybeans varied by species and origin, and those in processed foods varied by the manufacturing method or ingredients ( Table 5 ). The percentage of aglycone tended to be higher in the processed foods such as soy sauce and miso, which were heated and fermented in the manufacturing process ( Table 5 ).
The variances in content and composition of isoflavone in soybeans and soybean-derived foods have been elucidated by several researchers (19, 20) . Murphy et al. (19) assayed 6 of the major soy-based infant formulas marketed in the United States for their isoflavone levels and showed that isoflavone levels were variable across brands probably because of the different amounts of soy isolate used in product formulation. Franke et al. (20) determined the concentrations and glucosidic conjugation patterns of isoflavones by multiethnic populations in Singapore and Hawaii and showed that total isoflavone levels and conjugation patterns varied as a function of soybean variety, storage conditions, and food processing. They also indicated that a large contribution to the differences in total isoflavone content between food groups was due to the water content in foods and to leaching of polar analytes into the water phase during boiling (20) . Wang and Murphy (21) investigated the effects of processing techniques on the distribution of isoflavones by manufacturing tempeh, soymilk, tofu, and protein isolate. The manufacturing steps caused significant losses (p < 0.05) of isoflavones by soaking (12%) and heat processing (49%) in tempeh production; coagulation (44%) in tofu processing; and alkaline extraction (53%) in soy protein isolate production (21) . In the production of tempeh, soymilk, and tofu, malonyldaidzin and malonylgenistin decreased after soaking and cooking (21) . After fermentation, daidzein and genistein concentrations increased in tempeh, apparently as a result of fungal enzymatic hydrolysis. Acetyldaidzin and acetylgenistin were generated during heat processing (21) . In protein isolate processing, alkaline extraction caused the generation of daidzein and genistein, probably through alkaline hydrolysis (21) .
Our results are compatible with previous data (2, 11-18, 20, 22, 23) in Table 6 . Murphy et al. (23) developed a national sampling plan to select the greatest variety of isoflavonecontaining foods in the United States. These data have appeared on the Internet version of USDA Handbook No. 8 of Food Composition Data in 1999 (26). Contents of isoflavonoids in soybeans and soybean-derived foods analyzed in this study (Table 5 ) are compatible with these data. More-over, our study is comprehensive, with a large amount of data, both in terms of variety and quantity of data. Table 7 shows Japanese daily intake of isoflavonoids from soybeans and its processed foods, calculated from the results of this study (Table 5) , and based on the Japanese Nutrition Research in 1996 (the 8th year of Heisei) (24) . The total daily intake was 27.80 mg, which was classified into 12.02 mg daidzein, 2.30 mg glycitein, and 13.48 mg genistein.
Japanese Daily Intake of Isoflavonoids from Soybeans and Soy-Derived Processed Foods
Toda et al. (11) reported the Japanese daily intake of isoflavonoids from processed foods of soybean as 17.96 mg. Kimira et al. (27) calculated the Japanese daily intake of isoflavonoids as 16.2 mg daidzein, 23.27 mg genistein, and a total of 39.46 mg. Our results, which say that Japanese total isoflavonoid intake is 27.80 mg, is higher than the data of Toda et al. (11) and lower than that of Kimira et al. (27) . These variations are probably due to the difference in the methods of isoflavonoid analysis and calculation of Japanese daily intake.
